The propagation characteristics of galloping detonations were quantified with a high-time-resolution velocity diagnostic. Combustion waves were initiated in 30-m lengths of 4.1-mm inner diameter transparent tubing filled with stoichiometric propane-oxygen mixtures. Chemiluminescence from the resulting waves was imaged to determine the luminous wave front position and velocity every 83.3 microseconds. As the mixture initial pressure was decreased from 20 to 7 kPa, the wave was observed to become increasingly unsteady and transition from steady detonation to a galloping detonation. While wave velocities averaged over the full tube length smoothly decreased with initial pressure down to half of the ChapmanJouguet detonation velocity (D CJ ) at the quenching limit, the actual propagation mechanism was seen to be a galloping wave with a cycle period of approximately 1.0 ms, corresponding to a cycle length of 1.3-2.0 m or 317-488 tube diameters depending on the average wave speed. The long test section length of 7,300 tube diameters allowed observation of up to 20 galloping cycles, allowing for statisti- * Corresponding author Author's draft, Accepted to Combustion and Flame, February 2016 cal analysis of the wave dynamics. In the galloping regime, a bimodal velocity distribution was observed with peaks centered near 0.4 D CJ and 0.95 D CJ . Decreasing initial pressure increasingly favored the low velocity mode. Galloping frequencies ranged from 0.8 to 1.0 kHz and were insensitive to initial mixture pressure. Wave deflagration-to-detonation transition and detonation failure trajectories were found to be repeatable in a given test and also across different initial mixture pressures. The temporal duration of wave dwell at the low and high velocity modes during galloping was also quantified. It was found that the mean wave dwell duration in the low velocity mode was a weak function of initial mixture pressure, while the mean dwell time in the high velocity mode depended exponentially on initial mixture pressure. Analysis of the velocity histories using dynamical systems ideas demonstrated trajectories that varied from stable to limit cycles to aperiodic motion with decreasing initial pressure. The results indicate that galloping detonation is a persistent phenomenon at long tube lengths.
▲ ▲ ▲ ▲ ▲ ▲ ▲ ▲ ▲ ▲ ▲ ▲ ▲ ▲ ▲ ▲ ▲▲ ▲ ▲ ▲ ▲ ▲ ▲ ▲ ▲ ▲ ▲ ▲ ▲ between the mixture chemical kinetics and the gas-dynamic response to any con-32 finement (in the form of momentum and thermal boundary losses).
33
The extremely long length of the galloping cycle has made its characterization 
Image Processing Procedure
Comparison of the location of the luminous wave front in sequential images 106 allowed determination of the wave velocity between each frame. These velocities
107
were computed as follows. First, the image pixel coordinates (x i , y i ) associated
108
with the leading edge of the combustion wave were identified, as shown for the ex- small shift was present in the imaging setup from shot to shot that was typi-cally on the order of 0-3 pixels in both axes. In order to account for this shift,
114
all data points from each test were used to solve for the common spiral center
115
(x c , y c ) with subpixel resolution that yielded a smooth radius-versus-time curve.
116
(Not accommodating this shift in image center would result in small oscilla-
117
tions in the inferred radius with time.) With the image center known, the an-
118
gle of the leading edge of the luminous wave in the spiral was determined from
; an example is shown in Fig. 6 . With the radius and angle the spiral geometry does not appear to be influencing the wave dynamics.
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In Fig. 9 wave speed.
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Unsteady Velocity Measurements and Mode Probability

163
The velocity data derived from the framing camera analysis provided wave between λ/d = 1.9 and 2.5. Table 1 : Test data summary. of velocities occurs in the galloping region than in the steady detonation regime.
186
As P 0 decreases, the probability of the 0.95 D CJ mode decreases until, at 8 kPa, to a frequency of 0.8 kHz, which is close to that yielded by the FFT analysis.
273
Thus, wave acceleration and deceleration or mode switching process correlates 274 well with the measured galloping frequency.
275
The amount of time the galloping wave spends at both the high-and low- low 10 kPa, the dwell time spent in the high-velocity phase becomes very short ( Fig. 16 ) and the scatter between tests at repeat conditions increases (Fig. 15) . that only modest progress [24] has been made in applying dynamical systems 332 analyses to these cases.
333
Motivated by the application of dynamical systems methods to numerical sim- 
349
In the steady detonation regime (Fig. 17) , small oscillations are observed decreased into the stuttering regime (Fig. 18 ). In the above two cases, the limit cycles appear to be relatively stable, within the experimental uncertainty. As the 354 pressure continues to decrease to 9 kPa (Fig. 19) ( Fig. 20) and appears increasingly aperiodic as the pressure is reduced to 7.0 kPa 360 (Fig. 21) .
361
Bifurcation diagrams are another technique from dynamical systems analysis 362 that can be used to visualize the number of periods present in limit cycle in a more 363 concise manner than the above phase diagrams. To construct these diagrams, the 
Discussion
403
The results of the present study are broadly consistent with both the recent 404 experiments mentioned in the introduction to this paper as well as older studies
405
(see the references in Tsuboi et al. [25] as well as in Ul'yanitskii [26] ). In the shorter test sections.
413
The most striking result of the present study is the dependence of the wave (Fig. 19 ) and 7.0 kPa (Fig. 21) tionally efficient approach to explore these wave dynamics. 
